Objective-Although diverse functions of angiopoietin-2 (Ang2) have been revealed, little is known about upstream signaling molecules regulating Ang2 exocytosis. We therefore investigated the mechanism of Ang2 exocytosis in human blood and lymphatic endothelial cells (BECs and LECs) by stimulation with sphingosine-1-phosphate (S1P). Methods and Results-By immunostaining and ELISA analyses using our newly developed human Ang2-specific antibodies, Ang2 exocytosis from human endothelial cells was examined. Both exogenous and endogenous S1P trigger rapid Ang2 exocytosis in time-and dose-dependent manners. Intriguingly, S1P-induced Ang2 exocytosis is higher in LECs than BECs. These effects of S1P are mainly mediated by the endothelial differentiation gene receptor 1, which subsequently activates its downstream phospholipase C and intracellular calcium mobilization to trigger Ang2 exocytosis. Consistently, S1P also dramatically stimulates Ang2 exocytosis from the ECs of ex vivo-incubated blood vessels. Conclusion-These results imply that the rapid secretion of Ang2 by exocytosis from endothelial cells is another possible mechanism underlying S1P-induced angiogenesis and inflammation. (Arterioscler Thromb Vasc Biol. 2009;29:401-407.)
A ngiopoietin-1 (Ang1) and angiopoietin-2 (Ang2) were identified as key regulators of pathophysiological angiogenesis [1] [2] [3] [4] along with vascular endothelial growth factors (VEGFs). Both Ang1 and Ang2 are secretory proteins and have an amino-terminal coiled-coil domain for their oligomerization and a carboxy-terminal fibrinogen-like domain (FLD) for binding to their receptor, Tie2. 1, 2 In contrast to the consistent role of Ang1 in stabilizing newly-formed vessels, 1,4 more versatile functions have been reported for Ang2 such as angiogenesis, lymphangiogenesis, vascular permeability, and inflammation. 2, [5] [6] [7] [8] [9] Intriguingly, Ang2 is synthesized in advance and stored in Weibel-Palade bodies (WPBs) of endothelial cells (ECs), thereby being rapidly secreted to the external microenvironment by exocytosis when stimulated by extracellular signals. 10, 11 This implies that Ang2 activity is temporally regulated to exert controlled actions onto Tie2-expressing cells via autocrine and paracrine rather than endocrine manner. However, despite the importance of Ang2 exocytosis control, signaling pathways regulating Ang2 exocytosis are poorly understood.
Lymphatic endothelial cells (LECs) have their own characteristic morphologies, functions, and specific gene expres-sions compared to blood endothelial cells (BECs). 12 Lymphatic vessels function as a key route for immune cell trafficking and interstitial fluid drainage, and directly participate in inflammation and tissue homeostasis. 13, 14 Interestingly, Ang2 knockout mice exhibit defective lymphatic vessel development, 6 implicating essential role of Ang2 in development and function of LECs. Although the expression of Ang2 in LECs has been documented, 15, 16 presence of Ang2 granules and regulation of Ang2 secretion are still unknown.
Sphingosine-1-phosphate (S1P) is a phospholipid signaling molecule generated from the plasma-membrane sphingosine by sphingosine kinases 1 and 2. 17 S1P is mainly secreted from platelets, monocytes, and mast cells, thereby governing various cellular processes including cell proliferation, survival, and migration. 18 Moreover, S1P has a dual mode of action as an extracellular ligand for cell-surface receptors and an intracellular second messenger. 19 In fact, diverse functions of S1P are mostly contributed by its G-protein coupled-receptors (GPCR), which belong to the endothelial differentiation gene (EDG) family. 17, 18, 20 Among several EDG members, only EDG1 and EDG3 are expressed to mediate diverse effects of S1P on BEC physiologies like adherens junction assembly and cell motility. [21] [22] [23] However, little is known about the role of S1P and its downstream signaling in LECs during pathophysiological conditions.
In this study, we provide the first direct evidence of Ang2 exocytosis in primary cultured human LECs and in the endothelial cells of ex vivo-incubated blood vessels. We also define downstream signaling pathways of S1P-induced Ang2 exocytosis both in BECs and LECs.
Methods

Cell Culture and Reagent Treatment
HUVECs were prepared from human umbilical cords by collagenase digestion as described previously. 24 HLECs were purchased from Clonetics (Walkersville, Md). Cells (4 to 6 passages) grown in EBM-2 with supplements were starved with serum-free EBM-2 for 12 hours before treatment. The following reagents were treated: 10 mol/L DMS for 1 hour; 200 ng/mL PTX for 12 hours; 10 mol/L BAPTA or BAPTA-AM in DMEM, or calcium-free DMEM for 10 minutes. Appropriate dissolving agents were treated in parallel as controls. The Ang2 secretion after treatment was normalized against the Ang2 secretion before treatment to eliminate possible variance among samples.
Ang2 ELISA Analysis
Ninety-six-well plates were coated with 100 ng/well 4A1A3 in coating solution (7.5 mmol/L Na 2 CO 3 , 17.5 mmol/L NaHCO 3 , pH 9.6) for o/n at 4°C. After blocking with 1% BSA in PBS for 1 hour at RT, 200 L of serially diluted standard Ang2 (from 1500 to 46.9 pg/mL) and samples (culture supernatant without dilution) were incubated for 1.5 hour at RT. After incubating with 100 ng/well biotin-labeled 4B33A11 for 1.5 hour at RT, streptavidine-HRP (1:2500, Pierce) was added for 30 minutes at RT. Tetramethylbenzidine (Sigma) was used to visualize the signal. The absorbance was determined at 450 nm using a SOFTmaxPRO ELISA reader (Molecular Devices).
Immunofluorescence Staining
ECs grown on 0.1% gelatin-coated coverslips or umbilical cord slices were fixed with 3.7% paraformaldehyde in PBS for 30 minutes. After washing with 0.1% PBST, the samples were permeabilized with 0.5% PBST for 10 minutes. The cords were incubated in 20% sucrose in PBS for o/n at 4°C, imbedded in OCT compound, and sectioned using a Cryotome set to 30 m thickness. The sections were permeabilized with 0.1% PBST for 10 minutes. The samples were incubated with blocking solution (5% BSA and 5% donkey serum in 0.1% PBST) for 30 minutes and incubated with appropriate primary antibodies in blocking solution for o/n at 4°C. The primary antibodies were (1) mouse anti-human Ang2 antibody, 4B33A11
(1:100); (2) rabbit anti-human von Willebrand factor (vWF; 1:200, Sigma); (3) rabbit anti-human Prox-1 (1:200, Reliatech, Germany); (4) rabbit anti-human EDG1 (1:100, Abcam); (5) goat anti-human EDG3 (1:50, Santa Cruz Biotechnology); (6) FITC-conjugated mouse anti-human smooth muscle actin (1:200, Sigma). After washing with 0.1% PBST, the samples were incubated with appropriate secondary antibodies (1:1000) and DAPI (1:10000) in blocking solution for 3 hours. The samples were mounted with fluorescence mounting medium and observed using a Zeiss LSM 510 confocal microscope (Carl Zeiss).
The methods for generation of Ang2 antibodies, measurement of S1P concentration, ex vivo incubation of umbilical cords, RT-PCR analyses, siRNA transfection, Matrigel plug assay, and statistics are described in supplemental materials (available online at http://atvb.ahajournals.org).
Results
Visualization and Quantification of Human Ang2 in Endothelial Cells
Immunofluorescence staining using our newly developed anti-human Ang2 antibody (clone No. 4B33A11) revealed typical granular Ang2 localization in primary cultured HUVECs ( Figure 1A , top). These Ang2 granules were colocalized with multimeric protein vWF, a major constituent of WPB 11 ( Figure 1A , top), which is consistent with the previous report. 10 We also examined whether primary cultured HLECs contain Ang2 granules. HLECs were marked by the LEC-specific transcriptional factor Prox-1 in the nuclei ( Figure 1A , middle). 13 Intriguingly, Ang2 granules were colocalized with vWF but unevenly localized to one side of the perinuclear region of HLECs ( Figure 1A , bottom). This was different from the distribution of Ang2 granules in HUVECs, in which they were widely dispersed in the cytoplasm ( Figure 1A , top). Using the same antibody, we also detected Ang2 granules in the ECs of human umbilical cord blood vessels ( Figure 1B) . Notably, immunopositive Ang2 signals in venous ECs were greater than those in arterial ECs ( Figure 1B) . In contrast, no immunopositive Ang2 signals were detected in nonendothelial cells of the umbilical cord (supplemental Figure I) . Immunoblotting analyses revealed that clone 4B33A11 detected both nonreduced and reduced forms of full-length and FLD of Ang2 protein, whereas clone 4A1A3 recognized only the nonreduced form of full-length Ang2, indicating that they recognize different structural epitopes on Ang2 protein (data not shown). By combining these antibodies, we developed a new human Ang2 ELISA with high sensitivity (limit of quantification, Ϸ50 pg/mL). This ELISA method did not show any cross-reactivity with other angiopoietins, including Ang3, Ang4, and COMP-Ang1, a potent and soluble variant of Ang1 25 (data not shown), demonstrating high specificity of the Ang2 ELISA. These sensitive and specific Ang2 antibodies allowed us to investigate upstream signaling molecules regulating Ang2 exocytosis in human ECs.
Ang2 Exocytosis Is Stimulated by S1P in BECs and LECs
Because both S1P and Ang2 modulate inflammation and angiogenesis, 5, 17, 18 and BECs abundantly express S1P receptors, 21 we examined whether S1P stimulates Ang2 exocytosis in vascular ECs. On various doses of S1P (0.1 to 1000 nmol/L) treatment, there were remarkable dose-dependent depletions of Ang2 granules in primary cultured HUVECs (Figure 2A , left). Consistently, S1P increased the amount of Ang2 secretion in a dose-dependent manner ( Figure 2B ), indicating that S1P actively stimulates Ang2 exocytosis from BECs. 10 Time-course experiments showed that S1P-induced Ang2 exocytosis had already begun by 5 minutes after S1P treatment (1 mol/L), and it was much greater than the basal level of Ang2 secretion ( Figure 2C ). Ang2 exocytosis occurred Ϸ44% at 5 minutes and Ϸ77% at 10 minutes during 1 hour of S1P stimulation ( Figure 2C ). Similarly, Ang2 exocytosis from HLECs also occurred in a S1P dose-dependent manner, but the amounts of Ang2 secretion in HLECs were greater (Ϸ1.4-to 2.1-fold) than those in HUVECs (Figure 2A and 2B). Moreover, Ang2 secretion in HLECs was also rapid and the increased amounts were again higher (Ϸ1.6-to 2.3-fold) than those in HUVECs ( Figure 2C ). On the S1P stimulation, the greater Ang2 secretion from LECs than BECs could be owing to higher intracellular Ang2 protein storage in LECs than BECs (supplemental Figure II) . However, the treatment of S1P (1 mol/L) did not affect Ang2 mRNA synthesis up to 12 hours in both ECs (supplemental Figure   III ), indicating that S1P stimulates Ang2 exocytosis without immediate synthesis of Ang2.
TNF-␣-Induced Endogenous S1P Synthesis Stimulates Ang2 Exocytosis
These observations led us to examine the effect of endogenous S1P on Ang2 exocytosis. Endogenous S1P is generated by 2 sphingosine kinases and secreted via unknown mechanisms as an extracellular signaling molecule. 17, 18 Because TNF-␣ is one of the most powerful stimulators of sphingosine kinases, 17 we treated HUVECs and HLECs with TNF-␣ and assessed its effect on S1P secretion. Consequently, TNF-␣ (100 ng/mL) treatment induced S1P secretion from both HUVECs and HLECs ( Figure 3A) . The secretion of S1P was the highest at 10 minutes after TNF-␣ treatment, and its level was decreased over time ( Figure 3A) . Consistently, various doses of TNF-␣ (0.1 to 100 ng/mL) increased Ang2 exocytosis in a dose-dependent manner, and the secreted Ang2 levels were higher (Ϸ1.3-to 2.4-fold) in HLECs than HUVECs ( Figure 3B ). To determine whether TNF-␣-induced Ang2 exocytosis is mediated by newly synthesized S1P, we pretreated HUVECs and HLECs with a sphingosine kinase inhibitor, dimethylsphingosine (DMS, 10 mol/L), before stimulating with S1P (1 mol/L) or TNF-␣ (100 ng/mL). As a result, DMS substantially blocked Ang2 exocytosis by TNF-␣ but not by exogenous S1P (Figure 3C and supplemental Figure IV ), suggesting that newly synthesized endogenous S1P stimulates Ang2 exocytosis in ECs.
PTX-Sensitive Receptor Mediates Extracellular S1P-Induced Ang2 Exocytosis
Because S1P functions as an extracellular ligand or an intracellular second messenger, 19, 20 we investigated which form of S1P is responsible for inducing Ang2 exocytosis. We used dehydro-S1P (dhS1P), a variant of S1P that has only extracellular but not intracellular activity. 26 Treatment of various doses of S1P or dhS1P displayed similar efficacies in stimulating Ang2 exocytosis in ECs ( Figure 3D mental Figure IV ), suggesting that extracellular S1P stimulates Ang2 exocytosis. Extracellular S1P conveys its downstream signaling via plasma membrane GPCR. 17, 18 To examine whether GPCR is involved in S1P-induced Ang2 exocytosis, HUVECs and HLECs were pretreated with a specific GPCR blocker, PTX (200 ng/mL), 21 before S1P (1 mol/L) or TNF-␣ (100 ng/mL) stimulation. Pretreatment of PTX markedly blocked Ang2 exocytosis by S1P or TNF-␣ ( Figure 3E and supplemental Figure IV) , implicating that GPCR is critical for mediating S1P-induced Ang2 exocytosis in ECs.
EDG1 Mainly Mediates S1P-Induced Ang2 Exocytosis
Because the EDG receptor family is the subset of GPCR that mediates S1P-dependent signaling pathway, 17, 18 we assessed the expression of various EDG receptors in HUVECs and HLECs. RT-PCR analyses revealed that both ECs selectively express EDG1 and EDG3 but not EDG5, EDG6, or EDG8 ( Figure 4A ), and quantitative RT-PCR analyses showed that the expression levels of EDG1 were much higher (13.4-fold in HUVECs and 18.7-fold in HLECs) than those of EDG3 in ECs (supplemental Figure V) , which is consistent with the previous report. 21 Moreover, immunostaining analyses showed that EDG1 and EDG3 dramatically translocated from plasma membrane into cytoplasm on S1P stimulation probably via receptor internalization 27 (Figure 4B ), suggesting that EDG receptors on EC surface are actively responsive to S1P.
To further examine role of EDG1 and EDG3 in Ang2 exocytosis, we selectively reduced expression of EDG1 or EDG3 using siRNAs targeting each receptor (si1 or si3, respectively) and a scrambled random siRNA (sc) as a negative control. RT-PCR and immunostaining analyses showed that si1 or si3 but not sc selectively reduced mRNA and protein levels of EDG1 or EDG3, respectively ( Figure 4C and 4D). Interestingly, S1P-induced Ang2 exocytosis was blocked by si1 but not by si3 or sc in HUVECs and HLECs ( Figure 4E ). Moreover, cotransfection of si1 and si3 did not further decrease the si1-induced reduction of Ang2 exocytosis ( Figure 4E ). These data suggest that EDG1 is a major subtype of EDG receptor mediating S1P-induced Ang2 exocytosis in both EC types. 
Phospholipase C and Intracellular Calcium Are Crucial Mediators of Ang2 Exocytosis by S1P
To further define downstream pathways mediating S1Pinduced Ang2 exocytosis, we examined the effect of all the known mediators of EDG receptors, namely PI3K, ERK, p38, phospholipase C (PLC), and adenylate cyclase on S1Pinduced Ang2 release, using specific inhibitors of each pathway. 17 As a result, only U73122, a PLC inhibitor, significantly blocked S1P-induced Ang2 exocytosis in HUVECs ( Figure 5A ). Moreover, pretreatment of U73122 (0.1 to 10 mol/L) suppressed S1P-induced Ang2 exocytosis in a dose-dependent manner in both ECs ( Figure 5B and supplemental Figure IV) , indicating that PLC plays an important role in Ang2 exocytosis by S1P. Because PLCdependent calcium mobilization was known to promote exocytosis, 18 we examined whether calcium mobilization mediates S1P-induced Ang2 exocytosis. We used Ca 2ϩ -free media and membrane-permeable or -impermeable calcium chelator (BAPTA-AM or BAPTA) to deplete intracellular or extracellular calcium, respectively. Interestingly, Ang2 exocytosis was substantially suppressed by Ca 2ϩ -free media (Ϸ52% and Ϸ60%) and BAPTA-AM pretreatment (Ϸ32% and Ϸ37%) but not by BAPTA pretreatment in HUVECs and HLECs ( Figure  5C and supplemental Figure IV ), suggesting that intracellular calcium mediates Ang2 exocytosis in both ECs.
S1P Induces Ang2 Exocytosis From the ECs of Ex Vivo-Incubated Umbilical Cord Vessels
Our findings in primary cultured ECs led us to further investigate S1P-induced Ang2 exocytosis in ex vivoincubated umbilical cords. Cross-sectioned slices (Ϸ1 cm length) of the cords were treated with control buffer, S1P, or a powerful secretagogue, phorbol 12-myristate 13-acetate (PMA) as a positive control. In control buffer-treated cords, strong immunopositive Ang2 signals were specifically detected at the region of vWF-expressing ECs in the umbilical vein ( Figure 6A, left) . In contrast, S1P (1 mol/L)or PMA (50 ng/mL)-treated cords displayed considerably decreased immunopositive Ang2 signals ( Figure 6A , middle and data not shown). Higher magnification images confirmed that Ang2 signals were largely disappeared in the ECs of the umbilical vein treated with S1P ( Figure 6B) . Consistently, the amounts of Ang2 secretion were much higher in S1P-or PMA-treated cords than control ( Figure 6C ). To exclude any Ang2 secretion from non-ECs of cords, cross-sectioned slices of the endothelium-denuded cord were treated with S1P ( Figure 6A, right) . Basal amount of Ang2 secretion from the endothelium-denuded cord was very low (Ϸ14% of intact cord), and no substantial increase in S1P-induced Ang2 secretion was observed ( Figure 6C ), supporting that S1P stimulates Ang2 exocytosis from the ECs of umbilical blood vessels. Furthermore, to examine roles of S1P-induced Ang2 in angiogenesis, we performed an angiogenesis assay using a Matrigel plug assay. Combination of S1P (0.5 nmol) and Ang2 (40 ng)-containing Matrigel displayed markedly higher blood vessel formation than either S1P (0.5 nmol)-or Ang2 (40 ng) alone-containing Matrigel (supplementary Figure VI) , suggesting that S1P-induced Ang2 release from BECs may coordinately enhance angiogenesis.
Discussion
Using our newly developed antibodies against human Ang2, we show that a vasoactive lipid signaling molecule, S1P, potently activates endogenous Ang2 exocytosis from the WPBs of BECs, LECs, and the endothelial cells of ex vivo-incubated blood vessels. WPBs are EC-specific storage granules containing at least 10 molecules, including vWF, P-selectin, interleukin-8, CD63, and Ang2. 11 Exocytosis of these cargo molecules from WPBs is one of the earliest responses of vascular stimulation, and plays pivotal roles in thrombosis and inflammation. 5, 10, 11 Consistently, Ang2 exocytosis from WPBs also rapidly occurs within a few minutes after stimulation, indicating that Ang2 secretion is immediate and dynamic. . Phospholipase C and intracellular calcium mediate S1P-induced Ang2 exocytosis. A through C, Ang2 secretion was measured by ELISA (nϭ4). A, HUVECs pretreated with each reagent (PD; 20 mol/L PD98059, SB; 10 mol/L SB203580, LY; 5 mol/L LY294002, U; 10 mol/L U73122, Fk; 10 mol/L Forskolin) for 30 minutes were treated with S1P (1 mol/L) for 20 minutes. B, HLECs pretreated with U73122 were treated with S1P for 20 minutes. C, HLECs pretreated with DMEM containing BAPTA (B) or BAPTA-AM (A), or Ca 2ϩ -free DMEM (C) were treated with S1P for 20 minutes. *PϽ0.05 vs control. # PϽ0.05 vs S1P.
Our data show that basal and S1P-induced Ang2 secretions are higher in LECs than BECs. It is well known that LECs are more prone to inflammatory and angiogenic stimuli than BECs. 28, 29 Moreover, lymphatic capillaries have neither surrounding mural cells nor a basement membrane and exhibit occasional gaps between cells, thereby being more permeable for macromolecules than tightly associated blood vessels. [12] [13] [14] In this sense, highly secreted Ang2 from LECs might be more dynamically and freely diffused to Tie2-expressing cells like LECs, BECs, and monocytes/macrophages and activate them more strongly in the site of inflammation and angiogenesis. 5,28 -30 Further studies using BEC-or LEC-specific Ang2 knockout mice could provide novel insights for understanding distinct roles of Ang2 in BECs and LECs in vivo.
Using diverse signaling-specific blockers, we defined downstream pathways of Ang2 exocytosis in ECs ( Figure  6D ). Our results suggest that EDG1 is a main signaling pathway mediating Ang2 exocytosis because S1P-induced Ang2 secretion is highly PTX-sensitive. Moreover, much higher expressions of EDG1 than EDG3 in ECs further support a major role of EDG1, rather than EDG3, in the S1P-induced Ang2 exocytosis in ECs. 21 While S1P possibly promotes inflammation by activating various inflammatory molecules in WPBs, 26 the angiogenic function of S1P might be mainly associated with Ang2 release because Ang2 is required for dormant ECs to response to angiogenic stimuli like Ang1 and VEGF. 11, 21 Ang2 was known to potently destabilize quiescent ECs to exert angiogenesis and lymphangiogenesis with other growth factors. 5, 9, [31] [32] [33] Indeed, we found that combined treatment of S1P and Ang2 potently induced angiogenesis in the Matrigel plug assay. Moreover, a recent study showed that S1P induces lymphangiogenesis via EDG1/PLC/Ca 2ϩ -signaling pathway, 34 which is a main pathway for S1P-induced Ang2 exocytosis in LECs as we have shown in this study. Thus, in addition to direct roles of S1P in angiogenesis and lymphangiogenesis, 21 S1P could have indirect roles in angiogenesis and lymphangiogenesis through Ang2 secretion. Con-trary to other membrane-targeting molecules like vWF, P-selectin, or CD63, 11 Ang2 is a soluble factor acting as a long-distance chemoattractant. 5 Therefore, Ang2 could recruit circulating Tie2-expressing monocytes/macrophages to the site of inflammation and tumor angiogenesis. 30 Considering different subpopulations of WPBs (eg, mutual exclusive localization of Ang2 and P-selectin even in the same ECs 10 ) and distinct mechanisms of WPB exocytosis (eg, selective secretion of vWF by a WPB lingering kiss), 35 future studies regarding which subsets of WPBs selectively store Ang2 and what kind of other molecules are secreted with Ang2 are necessary.
To conclude, we propose that S1P derived from activated immune cells and platelets leads to rapid exocytosis of Ang2 from ECs, which may exert various physiological functions both in autocrine and paracrine manners. 5, 7, 9 In these regards, our present study would provide new insights into the mechanism of cross-talk between S1P-secreting blood-born cells and Ang2-secreting endothelial cells during dynamic vascular homeostasis and diseases. 
